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■ We report on a search for the rare decay Kl — > "k vv in the KTeV experiment at Fermilab. We 
searched for two-photon events whose kinematics were consistent with an isolated vr" coming from 
the decay Kl tt'Vf. One candidate event was observed, which was consistent with the expected 

■ level of background. An upper limit on the branching ratio was determined to be B{Kl tv^vV) < 
;h ' 1.6 X 10"*^ at the 90% confidence level. 
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The rare decay -k^vv has attracted consider- 

able attention for the purpose of understanding the phe- 
nomenology of CP violation because the decay rate re- 
sults almost entirely from a direct CP violating ampli- 
tude In the Wolfenstein parameterization of the 
CKM matrix the decay rate is proportional to the 
square of the parameter 77, the value of which governs 
the scale of all CP violating phenomena in the Stan- 
dard Model. The reliability of the decay rate calculation 
makes the decay Kl — » tt'^vv one of the best tools to 
determine the value of 77 The predictions for the 
branching ratio are in the range of (2.0 — 4.0) x 10^^^ 
using current knowledge of Standard Model parameters, 
where the theoretical contribution to the uncertainty is 
on the order of 1% [||. Therefore, observation of the de- 
cay near the predicted rate would provide quantitative 
evidence in support of the Standard Model description 
of CP violation, while observation outside the predicted 
rate would be evidence of new physics . 

Although the decay is very clean theoretically, it is 
very challenging experimentally. The experimental dif- 
ficulty arises from searching for a single isolated tt'^ 
in the presence of the much more abundant tt'^'s from 
Kl 27r" and Kl — > Stt" decays. The most sensi- 
tive search conducted thus far used the Dalitz decay, 
■K^ — > e~''e~7, to identify the tt'^, and set an upper limit of 
5.8 X 10^^(90% C.L.) on the branching ratio g. While 
requiring a tt*^ Dalitz decay provides a more unambigu- 
ous experimental signature, this technique is at least two 
orders of magnitude less sensitive than a direct search us- 
ing TT*^ — > 77 due to the smaller branching ratio and lower 
experimental acceptance. A search using tt" 77 is the 
most viable method of reaching the predicted sensitivity, 
and is the motivation for the experiment presented here. 

The first search for the decay tt^vv using the 

7^0 —s. decay mode was conducted in the KTeV ex- 
periment at Fermilab with data collected in a one-day 
special run. A plan view of the KTeV detector is shown 
in Figure 0. For this measurement, a single neutral beam 
was produced by an 800 GeV proton beam that struck a 
30 cm long beryllium- oxide target. The neutral beam was 
collimated to be 0.065 /istr in solid angle (3.6 x 3.6 cm^ 
at 159 m downstream of the target), which was narrower 
than the nominal KTeV beam size of 0.25 /xstr. The nar- 
rower beam provides a tighter constraint on the decay 
position in the plane transverse to the beam direction, 
which improves our ability to measure the transverse mo- 
mentum of the tt'' . The beam entered an evacuated decay 
volume which extended from 90 m to 159 m downstream 
of the target. The downstream end of the volume was 
closed by a vacuum window made of Kevlar and Mylar 
with a total thickness of 0.002 radiation lengths. The 
vacuum was maintained below 1.0 x 10~* torr. The neu- 
tral beam was composed of neutrons and with the 
relative ratio of 2 : 1. A small component of other long- 



lived neutral particles, such as A, A, S°, and S° was also 
present. The beam flux of neutral hadrons resulting from 
3.5 x 10^^ protons per spill on target was approximately 
3 x 10^. The average kaon momentum was 70 GeV/c. 
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FIG. 1. Plan view of the KTeV detector as configured for 
this data set. 

The most crucial detector elements for this analysis are 
a pure Csl electromagnetic calorimeter and a photon veto 
system. The calorimeter is comprised of 3100 blocks in a 
1.9 m by 1.9 m square array, which is 27 radiation lengths 
deep. The energy resolution for electrons with an energy 
between 2 and 60 GeV in this data set is approximately 
1%. The calorimeter has two 15 x 15 cm^ square holes 
which allow for the passage of two kaon beams used by 
the £ /e and other rare kaon decay measurements made 
by the KTeV experiment The photon veto system 
is composed of eleven sets of lead/scintillator sandwich 
detectors (the set-1, set-2 and the beam hole veto). The 
photon veto detector located the farthest upstream has 
two beam holes and defines the upstream fiducial decay 
volume at z = 122 m. This veto detector is followed 
by nine sets of photon veto detectors which provide her- 
metic photon coverage up to an angle of 100 mr with 
respect to the beam direction. The last photon veto de- 
tector is the beam hole veto (BHV) which is located in the 
beam region and comprises part of the beam dump. The 
BHV is designed to identify photons and neutrons pass- 
ing through the beam holes of the calorimeter. The BHV 
is longitudinally segmented into three sections which are 
each 10 radiation lengths (0.42 interaction lengths) deep. 
The two upstream sections are used to identify photons 
and measure their energy, and the downstream section is 
used to identify neutrons. For this analysis, the charged 
spectrometer, which consists of four planar drift cham- 
bers and an analyzing magnet with a momentum kick of 
205 MeV/c, is used to veto events with a charged parti- 
cle. Upstream of the calorimeter, there are charged veto 
hodoscopes used to veto events containing a charged par- 
ticle. Downstream of the calorimeter, another set of ho- 
doscopes (the hadron veto), preceded by 10 cm of lead, is 
used to veto events with a hadron that hits the calorime- 
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ter. Farther downstream, there are three meters of iron 
followed by a hodoscope (the muon veto), which is used 
to veto events with a muon. 

The trigger was designed to accept Kl — > ir'^vV and 
Kl — > 27r° decays. The latter decay mode was used to 
measure the kaon flux of the experiment. The calorime- 
ter was required to have an energy deposit greater than 
5 GeV. All of the hodoscopes were required to have no 
activity. Events with an energy deposit above 500 MeV 
in the photon veto detectors were rejected. A hardware 
cluster counter processor selected events with two or 
four isolated clusters of energy in the calorimeter with at 
least one block in each cluster having an energy greater 
than 1 GeV. 

In the offline analysis, candidate events are selected by 
requiring exactly two photons in the final state, each with 
energy greater than 1 GeV. Events with more than two 
clusters of energy above 0.1 GcV in the Csl calorimeter 
are rejected. Nearby photons with overlapping energy 
deposits in the calorimeter could reconstruct as a sin- 
gle cluster. These events arc rejected by requiring the 
transverse profile of each of the clusters to be consis- 
tent with that of a single electromagnetic shower. To 
detect low energy photons which miss the calorimeter, 
an energy threshold of 70 MeV is imposed on the set-1 
photon veto system located inside the evacuated volume 
(see Figure |l]) . An energy threshold of 5 MeV is applied 
to the set-2 photon veto system located downstream of 
the vacuum window. The lower threshold on the set- 
2 photon vetos is imposed in order to detect the lower 
energy particles which may result from neutron interac- 
tions in the detector. An energy threshold of 1 GeV is 
applied to each section of the beam hole veto to eliminate 
events in which a photon or a neutron passing through 
the Csl beam holes hits the detector. Events containing 
hits in drift chambers are eliminated in order to remove 
backgrounds containing a charged particle that misses 
the charged veto hodoscopes. 

After the initial event selection, the z position of the 
decay vertex of the event is calculated by requiring that 
the reconstructed two-photon mass is consistent with a 
7r°. The z position is expressed as: 

z = zcsi - {ri2/'m^o)\J El ■ E2, 

where zcsi is the z position of the calorimeter, ri2 is the 
distance between the two photons in the calorimeter, uIt^o 
is the tt" mass and Ei is the energy of the i-th photon. 
The transverse momentum of the two photons relative to 
the beam direction, Pt, is also calculated by assuming 
that the decay occurred at the transverse center of the 
beam. An unbalanced Pt distribution is a characteristic 
feature of the decay Kl n^vV, as shown in Figure ||. 
Figure ^ also shows a scatter plot of the Pt spectrum ver- 
sus the z decay vertex for data. Neutral pions which are 
produced by neutron interactions in the vacuum window 



at z = 159 m can be clearly seen. The events clustered 
around Pt = 100 MeV/c and z = 120 m are consis- 
tent with A — > mr'^ decays, where the resulting tt^ can 
have a Pt as high as 104 MeV/c. To reduce these back- 
grounds, only those decays which have a reconstructed z 
vertex between 125 and 157 m and Pt between 160 and 
260 MeV/c are selected. The Pt cut at 260 MeV/c cor- 
responds to the kinematic limit for — > tt'^vU decays, 
allowing for resolution effects. The requirements on the 
z vertex and Pt decrease the signal acceptance by 57%; 
177 out of 18,586 events pass these requirements. 
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FIG. 2. The top plot is the Pt distribution of the tt" from 
a Monte Carlo simulation of the decay Kl tt'^uV. The 
bottom is the scatter plot of Pt (MeV/c) versus the z decay 
vertex (m) for data after the initial event selection which re- 
quires exactly two photons in the final state. The box shows 
the signal region. 

Additional background results from Kl Stt'' events 
which decay upstream of the photon veto detector at 
z — 122 m. In these events, two photons from different 
7r°'s pass through the beam holes of this detector while 
the remaining photons go undetected. The decay vertex 
position of such events which are misreconstructed as a 
TT*^ can be shifted downstream into the fiducial region. 
These events can be identified by their large horizontal 
transverse momentum, P^, because these photons pass 
through the two horizontally separated beam holes of the 
detector. The ratio of P^/Pt is required to be less than 
0.8 in order to suppress this background. 

Most of the A's which decay in the detector are pro- 
duced in the target and are eliminated by the Pt cut 
described above. A small fraction of the observed A de- 
cays, however, are the result of 'EP — > Att^ decays which 
yield tt'^'s with a larger Pt than those from primary A's. 
Since the A's have higher momentum than kaons on av- 
erage, the A background is suppressed by requiring the 
total energy in the calorimeter to be less than 35 GeV, 
which results in a 30% loss in sensitivity for the decay 
Kt —>■ tt'^UT'. The A background can be further sup- 
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pressed by eliminating events with very asymmetric pho- 
ton energies. The ratio of the maximum photon energy 
to the minimum photon energy is required to be less than 
6. 

Figure ^ shows the Pt distribution for events passing 
all cuts except for the Pt cut. One event remains in the 
signal region, and another event appears in the region 
above the Pt window. As discussed below, these two 
remaining events are consistent with background events 
from neutron interactions. Neutrons which interact with 
material such as the vacuum window or the drift cham- 
bers can produce one or more tt'^'s or 77's. Interactions 
which produce ry's are potential background sources since 
the z vertex is miscalculated due to the 7r° mass assign- 
ment. Interactions which produce multiple tt^'s are addi- 
tional background sources since the z vertex can be mis- 
reconstructed inside the fiducial volume when only two 
photons from different tt^'s are detected. 
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FIG. 3. The Pt distribution with all cuts except for the 
Pt cut. The arrow shows the signal region. The dominant 
backgrounds from simulations of Kl and A decays are overlaid 
on the data. A events from the target and from S decays are 
combined. There are no events beyond the Pt range in the 
plot. 

The background from neutron interactions that pro- 
duce either 77's or multiple tt'^'s was estimated by remov- 
ing the requirement on the BHV and then determining 
how many of these events have an undetected neutron. 
Even when the neutron is not detected, one of the pho- 
tons from multiple tt'^'s can hit the BHV, and must be 
accounted for in the background estimate. Using a clean 
sample of A ^ n7r° decays, the BHV efficiency for a 
neutron was measured to be 44% and 80% in the up- 
stream and downstream sections, respectively. When 
the BHV cut is removed, 37 events remain. The num- 
ber of events detected in the downstream section (31) 
is consistent with the expectation from neutrons, but 
the number of events detected in the upstream section 
(26) is 60% larger than the expectation from neutrons. 



The excess in the upstream section is assumed to be due 
to an extra photon hitting the BHV in (47 ± 13)% of 
the events. Using the neutron detection efficiency in all 
sections of the BHV (82%) and the probability that an 
extra photon hits the BHV, the background estimate is 
37 X (1 - 0.82) X [1 - (0.47 ± 0.13)] 3.5 ± 0.9 events. 
Therefore, we conclude that the one observed event in the 
signal region is consistent with background from neutron 
interactions. The background from neutron interactions 
also accounts for the event with Pt above the signal re- 
gion. 

In addition to the neutron interaction background, 
background from Kl, A, and S*^ decays are estimated 
from Monte Carlo simulations with 7 times the statistics 
of the data. The Pt distribution below 160 MeV/c is 
well reproduced by the simulation, as shown in Figure 
The background level from Kl decays is estimated to be 
0.2^01 events in the signal region. The background level 
from A and 2" decays is estimated to be 0.4 events which 
are already included in the estimate of the neutron inter- 
action background due to the existence of a neutron in 
the A decay. 

To determine the number of kaon decays in the fiducial 
volume of the detector, we select a sample of Kl 27r" 
decays using selection criteria similar to those used for 
the Kl n^vV decay. The sample consists of 4326 
Kl 27r° events with an estimated background of 44 
events. From a Monte Carlo simulation, the detector ac- 
ceptances for the decays Kl -k^vv and Kl 27r'' are 
determined to be 3.6% and 6.7%, respectively, for kaon 
energies between 10 and 230 GeV within the decay region 
between 120 and 160 m. The total systematic error is 
determined to be 6.0%, including uncertainties in the ac- 
ceptance calculation due to possible trigger bias, energy 
measurement and the treatment of accidental activity in 
the detector. 

Using B{Kl 2tt°) = (9.36 ± 0.20) x lO"'^ ]ll|, the 
number of kaon decays for the experiment is measured to 
be (6.8±0.2) x 10^. The single event sensitivity for the de- 
cay Kl TT^vVis [4.04±0.06(stat.)±0.24(sys.)] x 10"'^. 
Conservatively assuming that the last remaining event is 
signal, the upper limit on the branching ratio is deter- 
mined to be B{Kl TT^vV) < 1.6 x 10"^ at the 90% 
confidence level, where both statistical and systematic 
errors are included fl^ . The sensitivity of this search 
represents a factor of 36 improvement relative to the best 
previous limit Further improvement using this tech- 
nique will require a significant reduction in the amount 
of material in the beam. 
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